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FOCUSED ION BEAM BASED SINGLE-DIGIT NANOHOLE 
MANUFACTURING AND ITS APPLICATION FOR NUCLEIC ACID 
CHARACTERIZATION 
 
 
Jack Zhou1 and Guoliang Yang2 
1Department of Mechanical Engineering and Mechanics, 2Department of Physics, 
Drexel University, Philadelphia, PA 19104, USA 
 
Abstract: The potential biomedical and industrial applications of the nanoholes are numerous, including ultrafast 
DNA sequencing, biosensing, immunoisolation and controlled drug delivery, and nano-filtration. There are still many 
technical challenges in the successful fabrication of solid state nanoholes with the desired size, shape and surface 
chemistry.  Focused ion beam (FIB) sculpturing has been the technique of choice for making the nanoholes since this 
method does not involve masks and pattern transfer processes, and imposes no limitations on the materials and 
geometry of the free-standing thin film. The current resolution of FIB is not sufficient to make holes of single 
nanometer sizes, therefore a second step is used to shrink the hole after it is sculptured. In this research, we usee FIB to 
first sculpture a hole of tens of nanometers in diameter on a free standing silicon nitride film, and then an FIB induced 
deposition process was used to shrink the hole to the desired size.  Modeling and simulation were also carried out to 
elucidate the mechanism of the hole sculpturing and shrinking processes, and to optimize the parameters used for the 
nanohole fabrication. Single molecules of DNA and RNA will be pulled through these nanoholes with the AFM 
cantilever to characterize the mechanical and structural properties of these molecules, and to determine the interaction 
forces between the macromolecules and hole. 
Keywords: Focused ion beam, Sculpturing, Nanohole fabrication  
 
1. Background and Significance 
The idea of using nanometer-sized holes to 
characterize biological macromolecule and other polymer 
molecules has been around for quite a few years, with the 
most exciting prospect of developing an ultra fast method 
for DNA sequencing [1].  Up to date, most work done in 
this area has used a protein channel in a lipid bilayer [2], 
and a limited amount of work has been reported on 
fabricating and using nanoholes in a solid-state thin film 
[3].  The benefits of protein nanopores include the 
well-defined size/shape and well established procedure 
for their synthesis.  However, these natural nanopores 
have several drawbacks for the purpose of characterizing 
DNA and other macromolecules. The most severe of these 
limitations are the instability, both mechanical and 
chemical, and toxicity of the protein nanopores.   
Using solid state nanopores solves these problems, 
and offers the additional advantage of tunable pore size.  
However, the fabrication of these nanometer-sized holes 
on solid state materials imposes a great challenge, 
especially in the control and reproducibility of the size 
and shape of the nanoholes.  The previously reported 
methods [3-5], which will be discussed in detail in late 
section, involved sophisticated instruments and 
complicated procedures, and the mechanisms for the hole 
formation in these procedures are not well understood, 
thus making them difficult to follow and repeat.  A 
reliable control over the size and shape of the nanoholes 
has not been achieved.  In the work proposed here, we 
employed a two-step approach, using both standard and 
innovative techniques, to fabricate nanoholes on 
free-standing solid state thin film. Theoretical modeling 
and Monte Carlo simulation was carried out to elucidate 
the physical principles governing the nanohole fabrication 
process.  With these concerted efforts, we can develop 
protocols for fabrication of solid state nanoholes with 
more consistence and a better control over their size and 
shape. Using these nanoholes, we will, through a novel 
approach, to characterize the structural and dynamic 
properties of DNA and RNA molecules at the single 
molecule scale.  
The current fabrication process in the semiconductor 
industry involves electron beam lithography to make 
designed patterns on a set of masks and then use optical 
projection lithography for the reproduction of the mask 
patterns at a high throughput level, combined with various 
material pattern transfer techniques [6].  The next step 
after lithography is the pattern transfer from the resist to 
the substrate.  There are a number of pattern transfer 
techniques: selective growth of materials in the trenches 
of the resist, etching of the unprotected areas, and doping 
through the open areas of the resist by diffusion or 
implantation [7, 8]. Electron beam lithography is 
sophisticated and costly, and is not suitable for our 
proposed nanohole fabrication.  
The focused ion beam (FIB) machining to make 
micro-devices and microstructures has gained more and 
more attention recently [9, 10].  FIB can be used as a 
direct milling method to make microstructures without 
involving complicated masks and pattern transfer 
processes. FIB machining has advantages of high feature 
resolution, and imposes no limitations on fabrication 
materials and geometry. Fig. 1 illustrates an FIB machine 
architecture: liquid-metal source fills in the extractor, gets 
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excited, and the ions pass through the aperture and are 
focused by lens onto a spot on the substrate. Focused ion 
beams operate in the range of 10-200 keV. As the ions 
penetrate the material, they loose their energy and remove 
substrate atoms. FIB has proven to be an essential tool for 
highly localized implantation doping, mixing, 
micromachining, controlled damage as well as 
ion-induced deposition [11]. The technological challenge 
to fabricate nanoholes using electron beam lithography 
and FIB is that the minimal feature size accessible by 
these techniques is typically limited to tens of nanometers, 
thus novel procedures must be devised. 
 
 
 
Fig. 1 Focused Ion Beam machine structure 
 
2. Research Design and Methods 
One main objective of this research is to understand 
the FIB working principles and to model and simulate its 
sputtering and deposition processes during the nanohole 
fabrication, so that we can effectively control these 
processes to make a single-digit-nano scale hole for 
various biomedical applications. 
2.1 Modeling of The FIB Milling Process 
FIB can be used to make sub-micron holes routinely.  
However, the mechanism of the FIB milling process to 
make a hole in a desired material is not well understood.  
Many questions, such as how to obtain the specified 
diameters and depth; what parameters (such as beam 
energy, beam current, incident angle, and milling time) to 
use, need to be answered by further research, both 
experimentally and theoretically. The FIB milling 
involves two processes: 1) Sputtering, ions with high 
energy displace and remove atoms of substrate material, 
and the ions lose their energy as they go into the substrate; 
2) Re-deposition, the displaced substrate atoms, that have 
gained energy from ions through energy transfer, go 
through similar process as ions, sputtering other atoms, 
taking their vacancy, or flying out. 
2.1.1 Sputtering Modeling 
When ion beam reaches the substrate surface with an 
incident angle θ, substrate material will be sputtered 
within a volume Vs. (refer to Fig. 2.)  The milling depth 
hs for a unit width in the y direction can be estimated by 
Vs/(L*1). The ion beam density follows Gaussian 
distribution with a peak in the center of the spot as shown 
in Fig. 2.  The sputtered volume rate can be calculated 
using the following equation [12]: 
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where iVs  is the sputtered volume rate of an element; 
)(θη  is the sputtering yield (atoms/ion), incident angle θ 
and value of )(θη  can be determined by a Monte Carlo 
Method [13]; x1 and x2 are the element’s lower and upper 
boundaries in the x direction; φ1(x) and φ2(x) are the 
element’s lower and upper boundaries in the y 
direction; pI is the ion beam current; aV  is the volume of 
one atom; n is the charge number of one ion; Ce is the 
charge of one ion; and σ is the standard deviation of the 
Gaussian distribution. 
 
 
Fig. 2 Sputter model [12] 
 
2.1.2 Re-Deposition Modeling 
As shown in Fig. 3, some of the sputtered particles 
from the element PiPi+1 are re-deposited on the surface of 
the hole. We assume that the direction of the sputtered 
particles has a cosine distribution. When considering 
re-deposited volume, we divide the elements PiPi+1 and 
PjPj+1 into small sites having a thickness dy in the 
y-direction. [12] 
Re-deposition volume rate iVr can be calculated using 
the following equation [12]: 
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where [ ] 3/2cos3cos)( 33 +−= ωωπω rF represents 
the volume of a portion of the sphere between the plane 
x-y and the plane whose angle to the plane x-y is , in 　
which r stands for the radius of the sputter sphere, α and 
β are angles that the surface of the current element makes 
with the starting and the ending points of the other 
elements on the x-z plane (Fig. 3). 
01802 ⋅
γ  is called 
sticking coefficient, and  is the angle that current 　
element makes (Cross hatched area in Fig. 3) projected in 
the x-y plane. 
2.2 Modeling of FIB Induced Deposition 
The principle of focused ion beam induced deposition 
is based on the localized chemical vapor deposition (CVD) 
by a direct writing technique.  The precursor gas for 
deposition is an organometallic gas. The deposition 
process is illustrated in Fig. 4, the precursor gases are 
X
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hs =Vs/(L*1) 
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Z
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sprayed on the surface by a needle ("nozzle"), where they 
adsorb.  In a second step, the incentive ion beam 
decomposes the adsorbed precursor gases. Then the 
volatile reaction products absorb from the surface and are 
removed through the vacuum system, while the desired 
reaction product remains fixed on the surface as a thin 
film [14, 15]. 
 
 
Fig. 3 Re-deposition Model [12] 
 
 
 
Fig. 4 Principle of the FIB induced deposition [14] 
 
The volume rate of adsorbed molecules Vdeposit is 
determined by the adsorption, desorption, and 
consumption due to ion induced reaction, leading to the 
following equation [15]:      
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The first term governs the adsorption (assuming 
Langmuir kinetics), where F is the gas flux and g the 
sticking probability, N is the number of adsorbed 
molecules per surface area, N0 is the number of available 
adsorption sties.  The second term accounts for the 
consumption of adsorbates by ion induced reaction, where 
m is the number of molecules participating in a reaction, s 
represents the maximum reaction yield and J(t) is the ion 
flux. Finally, the third term represents spontaneous 
thermal desorption into the gas phase with a time constant 
τdes., Vm is the volume of each deposited metal atom [15]. 
2.3 Process Control of Fib Machining 
 To control the FIB process means that if we know 
the FIB milling parameters and the mill-off volume of the 
sub-micro hole, then we can compute the milling time to 
control the process. Also if we know the sub-micro hole 
size and the desired nanohole size, then we can compute 
the deposition time to control the process. 
2.3.1 Milling Time Calculation to Make Sub-Micro Hole 
In FIB machining, we need to provide a milling time 
for the FIB machine to make a sub-micro hole. Based on 
the above two modeling equations (1) and (2), we can 
readily calculate the FIB milling time tmilling, to make a 
hole with specified diameter and depth.  The total time 
can be calculated by the following equation:  
ii
h
milling VrVs
Vt −=
       (4) 
where Vh is the total mill-off volume for the hole, 
which can be calculated as hh drV ⋅= 2π , where dh is 
the hole depth and r is the radius of the hole. When dh /r is 
small, re-deposition volume Vri can be ignored. 
After reviewing Eqs (1), (2) and (4) it can be found 
that most of parameter values can be obtained either from 
FIB machine’s set-up or from user defined materials and 
conditions.  However there is a function )(θη , called 
the sputtering yield (atoms/ion), under incident angle θ.  
Its value can not be obtained readily since is different 　
for each ion and changes randomly.  Biersack suggested 
that the value of )(θη  can be determined by a Monte 
Carlo method [40], and he developed a software package 
TRIM (see later section) to simulate ion trajectories and 
energy distributions. 
2.3.2 Deposition time calculation  
The deposition process is to use ion energy to 
decompose organometallic gas.  After deposition, metal 
particles will be deposited on the substrate surface.  To 
shrink the sub-micron hole to single-digital nano hole, ion 
spot size should be set a little bit larger than the sub-micro 
hole diameter to cover the hole edge and let the deposition 
build-up.  In our case the spot size is chosen as 110%*d, 
where d is the sub-micron hole diameter.  Deposited 
material build-up angle can be assumed to be 　° (It 
might vary according to different metal crystal structures).  
It can be seen from Fig. 5 that with known sizes of 
sub-micron and nano holes as D and d, respectively, the 
deposition thickness t can be calculated (t = 0.5D tan　). 
From equation (3), the deposition time is: 
 
deposit
deposition V
tDt ⋅=
2%)110*2/(π      (5) 
To solve Eq. (5), we first must solve Eq. (3) and know 
the material build up angle  which is related to 　 t, 
however both of them cannot be solved analytically and 
they only can be obtained from experimentally 
determined results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 FIB induced deposition process illustration 
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2.4  Simulation  
Based on the above model and the Monte Carlo 
method, a software package called TRIM (TRansport of 
Ions in Matter) was developed based on the work by 
Biersack and Haggmark in 1980 [13] to simulate the 
scattering and slowing down of energetic ions in 
amorphous solids.  The program can determine the ion 
range and target damage distribution, and has been used 
for predicting the sputtering yield for different ions within 
a wide range of energy [9]. 
 
 
 
Fig. 6 Gallium ion to silicon substrate (30Kev), best view 
by color 
 
  
 
Fig. 7 FIB simulation results, (a) Gallium ion trajectories, 
(b) Recoils of substrate atoms, best view by color 
 
In TRIM simulation, over 1000 ions will make the 
simulation stable [9]. We have performed test simulation 
using TRIM.  Fig. 6 shows the results of 1010 gallium 
ions with an energy level of 30 keV impinging onto 100 
nm thick silicon substrate.  From Fig. 6 it can be seen 
that the penetration depth of ions is around 40 nm (the 
majority of ions can reach this value), and the sputtered 
diameter is around 30 nm. In our FIB nanohole 
fabrication experiments, the free standing film thickness 
is 30nm, the material is silicon nitride, and milling ion is 
Gallium. Using these parameters, TRIM suggested an 
energy level of 65 keV for making the through hole.  Fig. 
7 shows the simulation results of (a) Gallium ion 
trajectories, (b) Recoils of substrate atoms.  It can be 
seen from both Fig (a) and (b) that this FIB machining 
set-up can make a through (30 nm) hole with diameter 
around 30 nm. TRIM simulation provides a good means 
for visualizing the paths of ions through the substrate 
material, and a method for estimating the parameters to be 
used in FIB sputtering process for a specific purpose.  
  
2.5. Innovative methods for nanohole fabrication 
The general approach to make the single-digit 
nanoholes can be described in Fig. 8. There are three 
major steps, preparation of freestanding thin films, 
making sub-micro holes by FIB, and reducing the size to 
single-digit nanohole by FIB induced deposition. 
2.5.1. Preparation of freestanding thin film 
There are many ways to make freestanding films.  
For our specific requirements in this research we have 
used the epitaxial deposition and electrochemical etching 
to prepare the film.  Fig. 9 shows the main principle in 
making the freestanding film.  Fig. 10 shows our 
microfabricated silicon nitride free standing thin film with 
a dimensional drawing and two micro photos of the film. 
2.5.2. Making sub-micro holes (0.2 to 0.03 m) by FIB　  
By using the FIB, a prepared free-standing thin film 
is positioned on the sample stage, and the ion beam can be 
focused on the film to a spot as small as 7-9 nm (See Fig. 
1).  Considering the single beam simulation result (Fig. 7) 
and proximity effect the penetrated hole can be 30 to 40 
nm in diameter. 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
2.5.3. Reducing the hole to less than 10 nm by FIB 
induced deposition 
There are several potential ways to reduce the hole 
size, such as epitaxial deposition, FIB or E-beam induced 
deposition, micro coating, thermo-assisted shrinkage. In 
this research use FIB as an energy source to decompose 
organometallic gases to deposit the metal atoms (Platinum 
was deposited in our testing) around the rims of the large 
prefabricated hole to shrink it to the desired nano-scale 
see Fig. 5. 
 
2.6. Studying the mechanical and structural properties of 
DNA and RNA using the nanohole  
The studies up to date using the nanohole technology 
all measure the variation of ionic currents and the 
translocation time of the polynucleotides during the 
translocation of the molecule through the nanohole, 
driven by an applied electric field. The capability of this 
approach has been shown by distinguishing long stretches 
of the same nucleotides, such as 30 adenines followed by 
70 cytosines [16], and by the distinction between 
individual DNA hairpins that differ by one base pair by 
driving the molecule through an α-hemolysin nanopore 
[17].  However, to use this method for sequencing real 
DNA at single-nucleotide resolution, there is still much 
work to be done both experimentally and theoretically.  
The complications come from the short translocation time, 
the thermal fluctuations and the secondary structure 
interference of the measured signal.  We are using an 
alternative and complementary approach to study the 
process of the translocation of DNA by exerting a 
mechanical force on the polymer during their 
translocation through the nanohole.  Comparing with 
other techniques for applying and measuring low forces 
(~pN), such as laser tweezers, the AFM has the advantage 
of a more precise position control.  In the AFM, the 
movements of the cantilever can be controlled with Å 
spatial resolution.  This capability will be crucial in 
obtaining the structural and sequence information on the 
Step1: Preparation of
free standing nanoscale thin film
Step2: Making sub-micro holes 
(.2 µm to .02µm) with FIB, 
femtosecond laser, AFM, EB, …
Step3: Reducing the hole to less 
than 10 nm,by epitaxial depostion, FIB or
E-beam induced deposition, micro coating,
thermo-assisted shrinkage, …
Fig. 8. The procedure to make nanoholes. 
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nucleic acid at near single base resolution. In the force 
measurements, the signal is not sensitive to electrical 
noise, and the speed of translocation can be varied over a 
large range. Our goal is to use the mechanical force to 
complement the ionic current measurements, and to 
obtain new information for theoretical studies in 
elucidating the requirements that will allow sequencing of 
nucleotide at the single nucleotide resolution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 Microfabricated silicon nitride thin film 
 
2.6.1. Experimental Setup 
 We use the AFM cantilever as the force sensor to 
apply and measure forces on the DNA as the molecule is 
passing through nanohole. A schematic of the 
experimental setup is shown in Figure 11. The electrical 
components will be added to the AFM liquid chamber to 
induce the entry of the DNA into the nanohole, and to 
make experimental measurements in which the current 
and force are both employed as control parameters. The 
experiments will be performed in several different ways. 
 
 
 
 
 
 
Fig. 11. Setup for DNA and RNA studies 
 
  One method will place the end-biotinylated DNA (or 
RNA) molecules in the lower chamber and allow to 
diffuse, or driven by a small (~ 1 mV) voltage, into the 
upper chamber. In the meantime the AFM tip is placed 
near the nanohole to monitor if a DNA molecule has 
emerged and attached to tip, as indicated by the deflection 
and the vibration spectrum of the cantilever. As soon a 
molecule is detected, a reverse voltage will be applied to 
drive any excess portion of the DNA molecule back to the 
lower chamber.  The cantilever will then be moved away 
from the surface and pull the DNA over to the upper 
chamber, with or without the reverse voltage. Another 
method will be to attach the DNA molecules to the tip 
before placing the cantilever onto the AFM.  The DNA is 
then threaded through the nanohole down to the lower 
chamber by a voltage and the pulling follows. This may 
be a more efficient way to do the experiment, but the 
DNA molecules immobilized on the tip need to be 
sparsely distributed in order to ensure no inter-molecular 
interaction. This can be checked by fluorescent 
microscopy.  
 
3. Results   
3.1 Thin Film Fabrication   
The prerequisite of making nanoholes is the ability 
to fabricate solid state free-standing thin films. We have 
used the epitaxial deposition and electrochemical etching 
(See Fig. 9) method to make thin (~30 nm), free-standing 
films on a 350 m thi　 ck silicon substrate. The film is 
made of silicon nitride and has a dimension of 12 m x 　
12 m　  (Fig. 10). 
3.2  Making Nanoholes Using FIB Milling  
The FEI DB235 Dual Beam FIB is an ideal tool for 
patterning surfaces with nanometer scale resolution. The 
electron beam (SEM) is used to image and orient samples 
with respect to the ion beam. Imaging with the SEM 
reduces damage to the sample due to exposure to the ion 
beam. The FIB control software contains predefined 
shapes (circle, rectangle, line, and, polygon). Using the 
focused ion beam milling method, we were able to make 
holes of various sizes (30 nm to 200 nm) on the Si3N4 
free-standing film. The critical parameters that dictate the 
size of the holes are the beam current and the diameter of 
the pattern selection, and the milling time. Figure 12 (A) 
shows five holes in a thin film that were made with 
different parameter settings of the FIB machine. There are 
four through holes and the big central one is a dent. The 
smallest hole is 30-40 nm. 
3.3 Batch Production Of Nanoholes Using Pattern And 
Automation Features From The Dual Beam FIB   
Users can create patterns such as an array of circles 
or squares and save the pattern as a file. The automation 
of the technique will be particularly useful for batch 
production of nanometer-scale pores over large surface 
areas or on multiple samples. To demonstrate the batch 
production and automation features Fig. 12 (B) shows two 
rows of holes with square and circle shapes and different 
sizes; and (C) shows one column of same diameter holes. 
3.4 Reducing The Hole Size by FIB Deposition 
As mentioned before both FIB and EB induced 
deposition can reduce hole size from hundreds nm to 
single digit nm. Figure 12 (D) shows that two holes of the 
same size originally (330 nm in long dia.), with the size of 
one hole reduced to around 180 nm after FIB deposition. 
Figs. 13 A to D show that, originally 4 squares and 4 
circles were milled (A), after 100 nm platinum deposition 
the lower left hole was partially filled in (B), after 200 nm 
Pt deposition the lower left hole was closed (C), and then 
by using milling function a small hole opened again (D). 
 
4. Conclutions 
This nanohole fabrication method has integrated thin 
Top View with 500 µm window,
Si
Si3N4
Si3N4
500 µm
12 µm
30 nm
346 µm
Bottom View with 12 µm square hole
Fig. 9. Method of making a freestanding film.
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film and biomedical research, FIB milling and deposition 
process modeling, simulation and control, and nucleic 
acids characterization in one intelligent system.  Two- 
step to make a nanohole, from sub-micron to single-digit 
nanometers, has advantages in reducing fabrication 
difficulty, saving the cost, and reaching a smaller size. 
The new approach can study the process of the 
translocation of DNA and RNA by exerting a mechanical 
force on the molecules during their translocation through 
the nanohole to obtain new information for their structural 
and physical properties. The proposed nano fabrication 
processes can also be used for making other nano 
structures. 
 
  
 
 
 
 
(A)     (B) 
 
 
 
 
 
(C) (D) 
 
Fig. 12 (A) The holes made using FIB milling with 
different parameter settings (ion beam current = 10 and 30 
pA and the milling time was changed in the range of 0.5 
to 7.0 sec). (B) Two rows of holes with square and circle 
shapes and different sizes. (C) One column of same 
diameter holes. (D) Two holes originally had same size, 
after FIB induced deposition one hole size was reduced. 
 
 
A B C D 
Fig. 13 (A) to (D) show a circular hole fill-in, closed and 
opened again 
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